Direct numerical simulations of homogeneous isotropic turbulence laden with particles have been conducted to clarify the relationship between particle dispersion and coherent fine scale eddies in turbulence. Dispersion of 10 6 particles are analyzed for several particle Stokes numbers. The spatial distributions of particles depend on their Stokes number, and the Stokes number that causes preferential concentration of particles is closely related to the time scale of coherent fine scale eddies in turbulence. The influential Stokes number can be derived based on the Burgers' vortex model for coherent fine scale eddies. On the plane perpendicular to the rotating axis of fine scale eddy, number density of particle with Stokes number which is close to the influential Stokes number is low at the center of the fine scale eddy, and high in the regions with high dissipation rate of turbulent kinetic energy around the eddy. The maximum number density can be observed at about 1.5 to 2.0 times the eddy radius on the major axis of the fine scale eddy.
Introduction
Particle laden flows can be observed in many engineering applications. The controls of turbulence and enhancement of heat transfer by particle injections are very important to improve the efficiency of applications. For effective controls, it is required to clarify the relationship between turbulence structures and particle motions in turbulence. A number of studies on dispersion of particle in turbulence have been conducted by numerical and experimental approaches. Squires and Eaton (1) (2) have shown that particles whose time scale are about Kolmogorov time scale concentrate in low vorticity and high strain rate regions in homogeneous isotropic turbulence by direct numerical simulation (DNS). This dispersion phenomenon is called as "preferential concentration", and same phenomenon has been observed in various turbulent fields studied by numerical (3)(4)(5)(6)(7) and experimental (8) (9) approaches. In the recent studies (10) (11) (12) , the length scale of particle clusters and their dependence on the particle Stokes number has been investigated. Aliseda et al. (10) have studied the behavior of particles in decaying homogeneous isotropic turbulence experimentally, and shown that the length scale where the particle concentration is most correlated is the order of 10 times Kolmogorov length scale by adapting the methods proposed by Fessler et al. (8) and Wang and Maxey (3) . However, they have not mentioned what kind of turbulence structures creates these small scale clusters. Yoshimoto and Goto (11) have shown that distribution of particles whose time scale are within the inertial scale of turbulence has a self-similar multi-scale nature from their DNS results. They suggested that not only small scale vortices but also large scale ones affect the clustering of particles. These characteristics have also been shown by Bec et al. (12) . In these studies, however, the definition of vortex structure is vague, and vortex structures which determine the particle clustering have not been clarified.
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Vol. 3, No.1, 2008 Recent DNS studies of turbulent flows have clarified that turbulence is composed of many fine scale tube-like vortices (13) shown that the diameter and the maximum azimuthal velocity of these fine scale vortices can be scaled by the Kolmogorov length (η) and the Kolmogorov velocity (u k ), respectively. The most expected diameter is about 8 times η and the most expected maximum azimuthal velocity is about 1.2 times u k except for the fine scale vortices near the wall (17) . Here, it should be noted that variance of the diameter and the maximum azimuthal velocity are relatively large.
The maximum azimuthal velocity of intense fine scale vortices whose diameter are about 8η reaches about 3 ∼ 4 times r. m. s. of velocity fluctuation (u rms ). These intense vortices are closely related with the intermittency of turbulent energy dissipation rate. On the other hand, there are vortex structure which has large diameter, and their maximum azimuthal velocity approaches u rms with the increase of diameter. These fine scale vortices have been found in various turbulent flow fields; homogeneous isotropic turbulence (14) (15) , turbulent mixing layers (16) (20) , turbulent channel flows (17) (19) , turbulent Taylor-Couette flow (21) and so on. Since these fine scale tube-like vortices show similar characteristics and weak Reynolds number dependence, these vortices are called as a "coherent fine scale eddy", and regarded as a universal structure of turbulence. Even for complicated turbulent flows in engineering applications, coherent fine scale eddies exist and may play important roles on the particle dispersion, because particles show strong swirling motion around them. The objective of this study is to clarify the relationship between particle dispersion and coherent fine scale eddies by conducting direct numerical simulations of homogeneous isotropic turbulence with particles which have different Stokes number.
DNS of Particle Laden Homogeneous Isotropic Turbulence
In this study, fluid flow is treated in the Eulerian frame, and particles are tracked in the Lagrangian frame. The governing equations are following continuity equation and incompressible Navier-Stokes equations;
where Re is Reynolds number based on L/2π and initial u rms . L is a length of a computational box. Spectral method is used to discretize the governing equations and aliasing errors from nonlinear terms in the governing equations are fully removed by the 3/2 rule. Time advancement is conducted by a third-order Runge-Kutta scheme. The equations of particle motions are given by follows (22) ;
where subscripts p and f represent particle and fluid, respectively. τ p is a particle response time based on Stokes law defined by follows;
where d p and ν are diameter of particle and kinematic viscosity of fluid. The motions of particles are analyzed for several particle response times using instantaneous velocity field of fluid obtained by DNS, where fluid velocity at particle position is estimated by a fourth-order Lagrange interpolation. A second-order Adams-Bashforth scheme is used for time advancement of equations of particle motions. Fully-developed homogeneous isotropic turbulence which was obtained from preliminary DNS is used for the initial velocity field. DNS are conducted for Re λ = 60.1 with 128 × 128 × 128 grid points, Re λ = 97.1 with 256 × 256 × 256 grid points and Re λ = 175.4 with 512 × 512 × 512 grid points. The computational domain is selected to be (2π) 3 . The number of particles is 1 million, and their initial positions are assumed to be random. Their initial velocities are supposed to be equal to fluid velocity at their positions. Stokes numbers of the particles, which is defined as follows, are shown in Tables 1, 2  and 3 for each Reynolds number case.
In Tables 1, 2 and 3 , S t η , S t λ , S t l and S t c denote Stokes number based on Kolmogorov time scale (τ η ), Taylor time scale (τ λ ), integral time scale (τ l ) and time scale of the coherent fine scale eddy (τ c ) which is calculated from their most expected diameter 8η and most expected maximum azimuthal velocity 1.2u k . In this study, it is assumed that particles do not affect the fluid flow, and the interactions between particles are neglected. Elghobashi (23) has classified the interaction between particle and fluid or particles based on the response time and volume fraction of particle. In the present simulation, since particles are assumed to be solid particles or droplets and fluid is gas, the ratio of density is nearly 1000. From this assumption, one-way coupling or two-way coupling can be assumed for the numerical condition listed in Table 1, 2 and 3 except for L1 case. Here, to estimate the effect of particles on fluid motion, additional DNS which considers the interaction between particle and fluid were conducted for the same turbulence and same Stokes number of L1-L6. The obtained results showed that vortex structures are almost same with those of one-way coupling except for L1 case. In L1 case, vortex structure was changed by the particle compared with one-way coupling case. However, whether effects of particles on fluid are considered or not, particle distributions in these cases are nearly uniform in space because of their large inertia, and the results shown in following sections are not changed. Additionally, since this study is the first step to clarify the relationship between particle dispersion and coherent fine scale eddies, homogeneous isotropic turbulence, which is the most basic turbulence, is treated, and one-way coupling is assumed.
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Vol. Figure 1 shows developments of r. m. s. of velocity difference between the particle and fluid at the particle position. Here, t + means the time normalized by the initial eddy turnover time which is defined by initial u rms and integral length. As the initial velocities of particles were set equal to fluid velocities at the particles positions, velocity difference increases with time in the initial period except for small Stokes number cases. After showing the peak, the velocity difference decreases slowly. In this period, particle motions include no effect of the initial condition. In this study, the results at the final period of each DNS are used for the analysis of particle motions in homogeneous isotropic turbulence. Figure 2 shows distributions of particles and the second invariant of velocity gradient tensor on a typical cross-section for Re λ = 60.1. Figure 3 shows particle and fluid velocity vectors with the second invariant on the same plane in Fig. 2 . The second invariant of the velocity gradient tensor is defined as follows;
Particle Dispersion in Fine Scale Turbulence
where S i j and W i j denote symmetric and asymmetric parts of the velocity gradient tensor A i j ;
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In Figs. 2 and 3 , red area means positive second invariant, blue area means negative one. For the cases of S t η = 0.0114 and S t η = 10.2, particle dispersions are nearly uniform in space.
The particles with S t η = 0.0114 can follow the fluid motion and behave like a fluid element as shown in Fig. 3(c) . On the other hand, particles with S t η = 10.2 cannot follow the fluid motion and they are moving independent to the fluid flow due to their strong inertia as shown in Fig. 3(a) . These characteristics result in nearly homogeneous distribution in space for both cases. Note that particle distribution shows large-scale fluctuation in space for S t η = 10.2, which might be caused by a large-scale turbulence structure (5) (24) . For the case of S t η = 1.06, particle dispersion shows non-uniform distribution in space. They tend to present around high second invariant regions, and the rotating motions of particles around these regions are observed clearly in Fig. 3(b) . Figure 4 shows probability density functions (PDFs) of the second invariant of the velocity gradient tensor at the particle position for each Reynolds number case. invariant is normalized by Kolmogorov length and Kolmogorov velocity. Here after, all of variables with an asterisk denote this normalization. For large and small Stokes number cases, probabilities of the second invariant at the particle positions nearly coincide with those of the whole flow field. This result suggests that the spatial distribution of particles has no correlation with the second invariant. However, for the cases of particular Stokes number, probabilities of particles in high second invariant region decrease and those in negative second invariant region increase. This tendency is significant for the case of S t η = 0.5 ∼ 1.0. As mentioned above, it has been reported that particles with Kolmogorov time scale tend to concentrate in low vorticity and high strain rate region (1) (2) . As the second invariant is defined by Q = (W i j W i j − S i j S i j )/2, negative second invariant regions do not always correspond to low vorticity and high strain rate region. Figures 5 and 6 show PDFs of W i j * W i j * and S i j * S i j * at the particle position for each Reynolds number case. The probabilities of particles with particular Stokes number are low in the high vorticity region, whereas probabilities for all investigated Stokes number show nearly same profile for all range of the strain rate. These results imply that the balance of vorticity and strain rate is important to determine the preferential distribution of particle in turbulence.
Number Density of Particle around Coherent Fine Scale Eddies
In this study, the axis of fine scale eddy is extracted from DNS data by using the method that has been developed in our previous studies (14) (15)(16)(17) (20) to investigate effects of the coherent fine scale eddies on particle dispersion quantitatively. axes are drawn to be proportional to the square root of the second invariant on the axis. Larger diameter and red color correspond to stronger swirling motion. The relations between the fine scale eddies and particle dispersion are investigated using these results. Figure 8 shows the schematic of calculation method of number density of particle around coherent fine scale eddies. First, the axes of fine scale eddies are extracted from DNS results as shown in Fig. 7 .
As for each axis of fine scale eddy, the number of particles near the plane perpendicular to the axis is counted. Then, the number density of particle is calculated at each radial position. Note that the fine scale eddies whose diameter are smaller than 20η are analyzed. These eddies are more than 90% of all fine scale eddies. Figure 9 shows number densities of particle around coherent fine scale eddies for each Reynolds number case. Here, radial distance (r) and number densities (N) are normalized by radius of fine scale eddy (r c ) and mean number density in all domain (N 0 ), respectively. For large Stokes number cases, number densities are independent of distance from the center of fine scale eddies and nearly coincide with the mean number density, because particles with large Stokes number cannot follow the fluid motion and their spatial distributions are nearly uniform as shown in Fig. 3(a) . In the same way, for small Stokes number cases, number densities nearly coincide with the mean number density, since particles with small Stokes number move like a fluid element as shown in Fig. 3(c) . However, for particular Stokes number cases, number densities are low near the center of fine scale eddies, and increase with distance from the center and reach the maxima at about r = 1.0r c ∼ 2.0r c . At the center of fine scale eddies, the number densities show the minimum value for S t η = 0.5 ∼ 1.0.
These relations between the coherent fine scale eddy and particle dispersion can be estimated theoretically. Marcu et al. (25) have investigated particle motion in Burgers' vortex.
They showed that a particle with a Stokes number which is larger than the critical Stokes number circulates around the vortex, and this radius is a function of both Stokes number of particle and stretching parameter of Burgers' vortex. In our previous research (26) , the influential Stokes number has been introduced by assuming a Burgers' vortex for fine scale eddy of turbulence, since it has been shown that mean azimuthal velocity of the coherent fine scale eddies can be approximated by that of Burgers' vortex (14) . The Burgers' vortex is defined in a
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where v r , v θ and v z are radial, azimuthal and axial velocity of fluid. α and Γ are stretching parameter and circulation. Figure 10 shows distributions of velocity vectors of particles and drag force acting on particles around a typical axis of coherent fine scale eddy. Particles show distinct orbital motions around the coherent fine scale eddy. These orbital motions are sustained by drag force as shown in Fig. 10 . From these results, it can be assumed that particles circulate around coherent fine scale eddy. Therefore, the equation of particle motion becomes as follows;
where u θ and u r are azimuthal velocity and radial velocity of the particle. In this study, it is assumed that the particle circulate at the radius (r c ) with the maximum azimuthal velocity. From Eq. (12), r c becomes
where s m satisfies
As the most expected diameter of the coherent fine scale eddies is 8η, α can be calculated as follow;
By supposing the most expected maximum azimuthal velocity to 1.2u k in addition, the response time of particle which circulates around coherent fine scale eddy is derived as follow;
From the definition, the influential Stokes number based on Kolmogorov scale can be calculated;
From this theoretical expectation and Fig. 9 , it is considered that particles with the Stokes number which is close to the influential Stokes number are localized around coherent fine scale eddies. To investigate relationship between particle dispersion and coherent fine scale eddies in more detail, a phase-averaging analysis on the plane perpendicular to the axis of coherent fine scale eddy is conducted. From our previous researches (20) (27) (28) , it has been shown that the azimuthal velocity of the coherent fine scale eddy is dominated by k θ = 2 mode near the center of the eddy. Here, k θ denotes wave number in the azimuthal direction. Therefore, the phaseaveraging analysis is conducted based on k θ = 2 mode of the azimuthal velocity at r = 0.25r c for each fine scale eddy. Similar to the analysis in Fig. 9 , the fine scale eddies whose diameter are smaller than 20η are analyzed here. Figure 11 shows phase-averaged distributions of the second invariant of the velocity gradient tensor, energy dissipation rate and velocity vectors on the plane perpendicular to the axis of coherent fine scale eddy. The radius of the visualized region is 2.5 times r c . The second invariant shows positive value in the central area of fine scale structure, which represents that solid body rotation is strong in the central area. The shape of distribution is not circular but obviously elliptic where major and minor axis can be defined. The energy dissipation rate has two large positive peaks on the major axis, and velocity on the minor axis is larger than that on the major axis. Here, energy dissipation rate denotes difference from the mean value in turbulence. These results show that coherent fine scale eddy has specific elliptic feature on the plane perpendicular to the axis (27) (28) . Moffatt et al. (29) have analyzed a stretched vortex under asymmetric strain field as a fine scale structure of turbulence. To discuss the characteristics of the stretched vortex, they have introduced the strain rate ratio which is defined by the minimum and intermediate eigenvalues of the strain rate tensor under the hypothesis that the maximum strain rate aligns with the rotating axis of the vortex. In our previous researches (16) (17)(20) , however, it has been clarified that the intermediate strain rate aligns with the direction of rotating axis, and the minimum and maximum strain rate is acting on the plane perpendicular to the axis for the most of coherent fine scale eddies in turbulence. Figure 12 shows phase-averaged distributions of number density of particle for Re λ = 60.1 and Re λ = 97.1. In these figures, number density is normalized by mean number density in all domain. For large and small Stokes number cases, the distributions are nearly uniform. In other cases, however, number density shows a minimum value at the center of coherent fine scale structure. The number density increases with distance from the center and show the maxima on the major axis. This tendency is significant for the case of S t η = 0.5 ∼ 1.0 and consistent with the result shown in Fig. 9 . Comparisons of these number density distributions with the results shown in Fig. 11 indicate that the number densities are low in the regions with strong solid body rotation, and high in the regions with high energy dissipation rate. The high density region is located at about 1.5 to 2.0 times of r c on the major axis.
As mentioned above, it has been clarified that most of the coherent fine scale eddies are strongly compressed and stretched in the two directions perpendicular to the rotating axis (16) (17) (20) . Therefore, each fine scale eddy has elliptic feature as shown in Fig. 11 . In these eddies, since azimuthal velocity on the minor axis is larger than that on the major axis, the residence time of particle on the major axis becomes longer than that on the minor axis. Therefore, the number of particles on the major axis increase compared with that on the minor axis. Goto and Vassilicos (6) and Chen et al. (7) have shown that particles concentrate zero-acceleration points in two-dimensional turbulence. Although the present results in three-dimensional turbulence shown in Fig. 12 may coincide with Goto and Vassilicos (6) and Chen et al. (7) , the coherent fine scale structure in real three dimensional turbulence has strong three-dimensionality (15) . As discussed in above, strong three-dimensional strain field is acting on the coherent fine scale eddy. The strain rate ratio at the center of the eddy is −5 : 1 : 4 (16)(17) (20) . Even for the high energy dissipation rate region around the coherent fine scale eddy, strain field is threedimensional and cannot be treated as a simple stagnation point which can easily defined in two-dimensional turbulence. Soria et al. (30) have investigated local flow patterns in threedimensional turbulence based on the invariants of the velocity gradient tensor. They have shown that strain rate ratio of high energy dissipation rate tend to be −4 : 1 : 3, and the flow patterns of these regions are classified into unstable-node-saddle-saddle. As shown by Soria et al. (30) , the strain field of −4 : 1 : 3 can be decomposed to two-dimensional shear. In this sense, the particle is clustered near the pseudo-stagnation points around the coherent fine scale eddy. The length scale of particle cluster around fine scale eddy is about 8 ∼ 16 times η by considering the most expected diameter of coherent fine scale eddy. This scale agrees with the results of Aliseda et al. (10) . The present results show that particle clusters in fine scales are formed by the coherent fine scale eddies.
Conclusion
In this study, DNS of homogeneous isotropic turbulence laden with particles were conducted to clarify the relationship between particle dispersion and coherent fine scale eddies in turbulence.
Particles with the Stokes number which is close to the influential Stokes number are localized around coherent fine scale eddies. The number densities of these particles show the maxima at about 1.0 to 2.0 times of the radius of coherent fine scale eddies. On the plane perpendicular to the rotating axis of fine scale eddy, number densities of these particles is low at the center of the fine scale eddy, and high in the regions with high energy dissipation rate around the eddy. This location is at about 1.5 to 2.0 times of the eddy radius on the major axis of the coherent fine scale eddy.
From this study, turbulence structures which determine particle cluster in fine scales have become apparent. As shown by Yoshimoto and Goto (11) and Bec et al. (12) , there are possibilities that large scale structures in the inertial subrange make larger clustering of particles.
To investigate mechanism of large clustering, however, details information about turbulence structure in the inertial subrange will be required as is investigated by Tanahashi et al. (18) .
Especially, researches in free-shear turbulence such as turbulent mixing layer are needed to clarify the large scale clustering of particles, since the energy cascade occurs naturally in free-shear turbulence due to the relatively weak mean shear.
